ABSTRACT: Assembly and directed orientation of anisotropic particles with an external ac electric field in a range from 1 kHz to 2 MHz were studied for asymmetric composite dumbbells incorporating a silica, titania, or titania/silica (titania:silica = 75:25 vol %) sphere. The asymmetric composite dumbbells, which were composed of a polymethylmethacrylate (PMMA)-coated sphere (core−shell part) and a polystyrene (PSt) lobe, were synthesized with a soap-free emulsion polymerization to prepare PMMA-coated inorganic spheres and another soap-free emulsion polymerization to form a polystyrene (PSt) lobe from the PMMA-coated inorganic spheres. The composite dumbbells dispersed in water were directly observed with optical microscopy. The dumbbells incorporating a silica sphere oriented parallel to an electric field in the whole frequency range and they formed a pearl chain structure at a high frequency of 2 MHz. The titania-incorporated dumbbells formed chain structures, in which they contacted their core−shell parts and oriented perpendicularly to a low-frequency (kHz) field, whereas they oriented parallel to a high-frequency (MHz) field. Since the alignment of dumbbells in the chains depends not only on the interparticle forces but also on the torque that the induced dipoles in the dumbbells experience in the electric field, the orientation of dumbbells perpendicular to the electric field was the case dominated by the interparticle force, whereas the other orientation was the case dominated by the torque. The present experiments show that the incorporation of inorganic dumbbells is an effective way to control the assembled structure and orientation with an electric field.
■ INTRODUCTION
The importance of creating new types of anisotropic particles has recently been emphasized, because a number of researchers have shown that anisotropic particles have potential for exhibiting unique properties in various fields, such as optics, 1, 2 catalysis, 3 and suspension rheology. 4 The unique properties can be diversified by controlling positional and orientational order of the anisotropic particles in an assembly. Liddell et al. employed a convective assembly method and succeeded in fabricating 2D ordered arrays of asymmetric polymer dumbbells oriented in-plane or predominantly out-of-plane. 5 It was suggested in their report that orientation of the asymmetric dumbbells depended on the concentration of dumbbells through packing constraints in the region of a receding meniscus.
External magnetic fields have also been examined to orient anisotropic colloids in the process of self-assembly. 6, 7 The above-mentioned convective assembly method, this time supplemented by the use of an externally applied magnetic field, was used to fabricate 3D photonic crystals composed of magnetic ellipsoids. 8 Novel types of colloidal clusters with chiral 9 and "crisscross" structures fabricated from magnetic colloids with shapes resembling peanuts 10 were created by the application of magnetic fields to anisotropic colloids.
Another effective way to orient anisotropic particles is to apply electric fields to suspensions of anisotropic particles. Monodisperse, anisotropic particles with disk, rod, and fenestrated hexagon shapes 11 were studied with fluorescence microscopy to observe the orientation of the anisotropic particles under an ac electric field. The anisotropic particles were observed to form chains in which they preferentially oriented with their longest axes parallel to the electric field. Similar orientations of anisotropic particles under applied electric fields were observed for polystyrene ellipsoids in chainlike structures 12 and also for snowman-shaped poly-(methyl methacrylate) particles coated with a conducting polymer of polyaniline in silicone oil as an electrorheological (ER) fluid. 4 Silica dumbbells with the shape of diatomic molecules were observed under an electric field with confocal microscopy revealing several new crystal structures. A martensitic crystal−crystal transition was found for the silica dumbbells by varying the electric field strength to promote dipole−dipole interactions. 13 Also micrometer-sized rodlike silica particles were observed to orient with their long axis in the direction of the electric field in preliminary measurements on smectic phases of such particles.
14 On the other hand, it was also reported that some anisotropic particles, such as rodlike fd virus particles 15 and ellipsoidal titania particles, 16 could be oriented perpendicularly to applied electric fields and exhibited electric birefringence of the particle assemblies. However, the orientation of anisotropic particles parallel or perpendicular to electric fields has not been studied experimentally in detail yet, and also the number of simulation studies focusing on electric field effects of phase behavior of polarizable anisotropic particles under electric fields is very limited. 17 To date, homogeneous organic or inorganic particles have been used in the self-assembly of anisotropic particles under electric fields. However, the use of composite particles of organic and inorganic components is a promising method, because it would allow induced dipolar interactions between distinct parts of the anisotropic particles to be optimized for (switchable) control over the orientation, long-range order, and packing.
We have recently developed a method to synthesize monodisperse, composite dumbbells incorporating an asymmetrically placed inorganic sphere. 18, 19 The synthetic method consists of a soap-free emulsion polymerization to prepare PMMA-coated inorganic spheres and another soap-free emulsion polymerization to form a polystyrene (PSt) lobe from the PMMA-coated inorganic spheres (see synthetic scheme in Figure S1 , Supporting Information). A characteristic feature of the asymmetric dumbbells is a combination of polymeric and inorganic spheres joined to each other in a dumbbell, which can be used to control the relative polarization of the dumbbell lobes under applied electric fields. By using this characteristic feature, we here propose a method to gain control over the positional and orientational order of the asymmetric composite dumbbells. In our method, an ac electric field in a wide frequency range from kilohertz to megahertz is applied to explore the strong interactions between inorganic substances incorporated into the dumbbells. It was reported that titania has a dielectric constant (47 at 1 kHz 22 and 5.5 at 1 MHz 23 ) higher than that of silica (3.8 at 1 kHz 24 and ∼2.0 at 1 MHz 25 ). Three different asymmetric dumbbells, incorporating a silica, titania, or titania/silica (titania:silica = 75:25 vol %) sphere, are employed to examine the interactions between the inorganic parts of dumbbells under the electric field.
■ EXPERIMENTAL SECTION
Chemicals. Titanium tetraisopropoxide (TTIP, 95%), ethanol (99.5%), acetonitrile (99.5%), methylamine aqueous solution (40%), methyl methacrylate (MMA, 98%), styrene (St, 99%), sodium pstyrenesulfonate (NaSS), potassium persulfate (KPS, 95%), and sodium chloride (NaCl, 99.5%) were perchased from Wako Pure Chemical Industries (Osaka, Japan). The inhibitors for monomers of MMA and St were removed by an inhibitor removal column. The other chemicals were used as received. The silane coupling agent 3-methacryloxypropyltrimethoxysilane (MPTMS, 95%) was obtained from Shinetsu Chemical (Tokyo, Japan) and used as received.
Particle Synthesis. Sol−gel reaction and soap-free emulsion polymerization were applied to prepare asymmetric polymer dumbbells with an inorganic core of titania, silica, and titania/silica. 18 The titania core particles were prepared via hydrolysis and condensation of TTIP conducted for 12 h in a mixed solvent of ethanol and acetonitrile in a glass flask reactor (400 mL vol) with initial concentrations of 0.03 M TTIP, 0.1 M water, and 0.03 M methylamine at 10°C. 20 Resultant particles were amorphous titania and were washed by centrifugation and redispersion in deionized water. Then, two-step polymerizations of MMA and St were conducted in the presence of the titania particles. In the MMA polymerization, deionized water (192 g) was bubbled with nitrogen for 30 min, followed by the addition of MPTMS (114 μL) and a 4.57 wt % aqueous titania particle suspension (9.1 g) to the water. After 30 min of stirring, MMA (5.1 mL) and a 20 mL aqueous solution containing 0.0375 g of NaSS were added to the titania suspension. After 2 h of stirring at 35°C, the mixed solution was heated to 65°C and a 20 mL aqueous solution containing KPS (0.130 g) was added to initiate polymerization. The polymerization was performed at 300 rpm for 2 h at 65°C. The PMMA-coated titania particles obtained were washed three times and redispersed into 30 mL of deionized water. In the St polymerization, the suspension of the PMMA-coated particles (7.17 g) and 0.1 M NaCl solutions (5.6 g) were added to 17.52 g of deionized water. After 30 min of bubbling, 0.921 mL of St was added to the suspension and the mixture was stirred for 2 h at room temperature. Finally, the mixture was heated to 65°C and a 10 mL aqueous solution containing KPS (0.0219 g) was added. The resultant suspension was washed by centrifugation and redispersion in deionized water.
The composite dumbbells with a silica or titania/silica core were synthesized by a similar procedure via sol−gel reaction and double polymerizations of MMA and St. Details of the procedure are described in the Supporting Information. With the present synthetic procedure, almost the same shape and size of asymmetric dumbbells were produced for the three different cores of silica, titania, and titania/silica. The synthetic conditions for the inorganic spheres are listed in Table S1 of the Supporting Information.
Setup for Application of Electric Fields. 21 The sample cell used for particle observation under electric fields consisted of a capillary (0.1 × 1 mm rectangular cross section, VitroCom) and two 50 μm diameter copper wires (99.99%, NIRACO) threaded through along the side walls. The capillary was filled with an aqueous suspension of particles, and the ends of capillary were sealed with glue. The ac field (up to V rms = 70.7 V/mm) was applied by connecting the copper wires to a function generator (GWINTEK, SFG-2004) and amplifier (NF Circuit Design Bloc, HSA4011). The electric field strength (peak to peak) was measured with a digital oscilloscope (GWINTEK, GDS-1062A). The weight fraction of inorganic spheres in the suspensions was 0.1 wt % to acquire clear images in observation with an optical microscope (OM). All OM images were taken at 30 s after initiation of applying electric fields.
Characterization. The resulting particles were observed with a transmission electron microscope (TEM, Carl Zeiss, LEO912AB), a scanning transmission electron microscope (STEM, Hitachi, HD-2700), and an optical microscope (OLYMPUS, BH-2). In preparation of samples for TEM and STEM, a small amount of resultant solution was introduced onto a microgrid and dried at room temperature.
■ RESULTS AND DISCUSSION Figure 1 shows TEM images of the asymmetric composite dumbbells prepared with the previously proposed method. asymmetric dumbbells shown in Figure 1 . Of these frequencies, the electric field at 1 kHz induced strong electro-osmotic flows that disturbed the observation of our asymmetric dumbbells with an optical microscope (OM). On the other hand, the electric fields at 1 and 2 MHz did not cause electro-osmotic flows, because at these high frequencies the double layer ions are not able to follow the changes in field directions. For the following observations of dumbbells, the field strength of 17.7 V/mm was applied to suppress the electro-osmotic effect at 1 kHz whereas 70.7 V/mm was employed at 1 and 2 MHz. Figure 2 shows OM images of the asymmetric polymer dumbbells incorporating a silica sphere observed under electric fields at the three frequencies. The location of the silica spheres in the asymmetric dumbbells could be identified with the OM images due to difference in the refractive indices. These locations are illustrated in each OM image of Figure 2 . The long axes of the dumbbells at 1 kHz were orientated parallel to the electric field of V rms = 17.7 V/mm (Figure 2A ), but the dumbbells showed no preference for pointing left or right (see the wide view image of Figure 2D) . A similar tendency of particle orientation was observed under a 1 MHz electric field with V rms = 70.7 V/mm ( Figure 2B ). The high frequency of 2 MHz induced short chains parallel to the electric field, with particles randomly pointing left or right (see Figure 2C and the wide view of E). Interactions due to electric double layers can be a factor in the orientation of asymmetric dumbbells in the low frequency range around 1 kHz, but this contribution to the interactions is generally much weaker at frequencies above 1 MHz. Therefore, in the high frequency range, the electric double layer interaction can be ignored and only interactions resulting from dielectric polarization are the main factor determining particle orientation and chain formation.
For comparison, the electric field response of each component of the asymmetric dumbbells separately are shown as OM images in Figure S2 of the Supporting Information, where both silica spheres and PMMA-coated silica spheres are seen to readily form chains under the same electric fields. However, PSt particles scarcely formed the structures. The OM images indicate that the inorganic spheres incorporated into the asymmetric dumbbells enhance the formation of chain structures.
To clarify the effects of the inorganic component on the orientation of asymmetric dumbbells in their assembly, the same electric fields were applied to the other dumbbells incorporating amorphous titania or amorphous titania/silica sphere. Figure 3 shows OM images of these asymmetric dumbbells. At frequencies of 1 MHz or higher, the asymmetric dumbbells formed distinct chain structures parallel to the electric field with the long axes of the dumbbells parallel to the field. Comparison of these results at 1 MHz with the corresponding result of the silica-core dumbbells in Figure. 2B suggests that stronger interactions were induced between the dumbbells in Figure 3 . Chain structures were also formed at 1 kHz in Figure 3 , but interestingly, the dumbbells this time aligned with their long axes perpendicular to the electric field (also see Figure S3 of the Supporting Information for wide views). Although the dumbbells individually dispersed were aligned parallel to the electric field, the dumbbells forming chain structures were aligned with their long axes perpendicular to the electric field. Since the silica-core dumbbells did not form chains at all at the corresponding conditions in Figure 2 , the results at 1 kHz of Figure 3 shows that the incorporation of titania into the dumbbells increases the interactions between the dumbbells. This is supported by the observation of quicker and longer chain formation for titania spheres than that for silica ones at 1 kHz (See movies M1 and M2, Supporting Information). The alignment of dumbbells in the chains depended not only on the interparticle forces but also on the torque on the effective dipoles induced by the electric field. It is likely at these lower frequencies that this torque was partially caused by effects in the double layer as well. It can be concluded that the long axes perpendicular to the dumbbell chain was the case dominated by the interparticle forces, while the other was the case dominated by the torque.
To examine the effect of particle permittivity on the chain structure, crystallized titania particles were also prepared, because they have a higher low-frequency permittivity than amorphous titania. These particles were made from the amorphous titania spheres by hydrothermal treatment at 150°C for 3 h (see Figure S4 , Supporting Information), followed by silica-coating, PMMA-coating, and finally PSt-protrusion formation. Figure 4 shows OM images comparing the behavior in electric fields of particles incorporating amorphous or crystallized titania. Both core−shell particles, with a smaller PSt lobe than before (snowman-shaped particles), had a long axis length L of 1.6−1.8 μm, an aspect ratio L* of 1.67−1.77, and a size ratio P/S of 0.63−0.65. The snowman-shaped particles incorporating amorphous titania (Figure 4i ) contacted their core−shell parts at 1 kHz without further particle orientation. Compared to Figure 3 the interaction between the smaller PSt lobes was now insufficient to cause orientation of the dumbbells. The chains dispersed again at 1 MHz, but with the particle orientation still parallel to the electric field, whereas they re-formed at 2 MHz. At this moment we do not have an explanation for this difference. It might be related to polarizations inside the shell as ions inside the colloids do not need to travel large distances to induce effects. On the other hand, the snowman-shaped particles incorporating crystalline titania preferentially contacted their titania-containing sides without dumbbell orientation throughout the whole frequency range. The preference for contacting the parts containing the crystallized titania spheres demonstrates the importance of core-particle permittivity to gain control over positional and orientational ordering of asymmetric dumbbells in Figure 3 .
To examine the effects of the PSt lobe size on chain structure of asymmetric dumbbells, slightly PSt-protruded core−shell composite particles were observed with OM. Figure 5 shows OM images of the composite particles incorporating a silica or titania sphere under the electric fields. The silica and titania were both amorphous. The composite particles in Figure 5 have a long axis of 1.6 μm, an aspect ratio L* of 1.7, and a size ratio P/S of 0.74. The composite particles incorporating silica were oriented parallel to the field in the whole frequency range but only formed chains at 2 MHz, similarly to the torquedominated cases observed in Figure 2 . On the other hand, the composite particles incorporating titania contacted their core−shell parts without orientation in the whole frequency range, which was different from the assembly of titaniaincorporated dumbbells shown in Figure 3 . Because of the smaller value of L, the torques applied to the dumbbells by the electric field in Figure 5 were smaller than in Figure 3 . Therefore, the interparticle-force dominated chain formation, favoring a large number of contacts between the titania core lobes over dumbbell alignment.
■ CONCLUSION
Monodisperse, asymmetric composite dumbbells incorporating different inorganic cores were successfully prepared using double soap-free emulsion polymerizations. Asymmetric dumbbells incorporating a titania core (or a titania/silica core) formed chain structures in which they oriented perpendicularly to a low-frequency electric field and parallelly to a highfrequency field. Comparing this with chain structures observed for silica-incorporated dumbbells and snowman-shaped particles shows that introduction of highly dielectric materials into asymmetric particles allows the assembly and orientation of asymmetric particles into chains to be controlled with an electric field. Theoretical work and/or extensive simulation of the complex frequency dependent polarization behavior of these complex particles needs to be performed to fully understand this intriguing behavior that no doubt can be optimized still significantly.
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* S Supporting Information
The synthetic procedures for the composite dumbbells with a silica or titania/silica core are described in Figure S1 and Table  S1 . Average dimensions of each part of asymmetric dumbbells are shown in Table S2 . Optical microscope images of silica particles, PMMA-coated silica particles, and spherical polystyrene particles are shown in Figure S2 . Wide views of the asymmetric dumbbells incorporating titania under electric fields are shown in Figure S3 . XRD patterns of titania spheres with and without the hydrothermal treatment are shown in Figure  S4 . This material is available free of charge via the Internet at http://pubs.acs.org. 
